Purpose: Familial adenomatous polyposis is a phenotypically heterogeneous disease predisposing to colorectal cancer.
Familial adenomatous polyposis (FAP) is an inherited syndrome conferring a very high risk of colorectal cancer through the formation of multiple colorectal adenomas. The number of adenomas, the age of onset of adenomatosis and carcinoma, and the possible presence of extracolonic manifestations, vary both between and within the affected families. In the "classic" disease, the number of adenomas ranges from a hundred to thousands and polyps usually emerge during the second-third decade of life. 1 On the other hand, the so-called "attenuated" polyposis (Ͻ100 adenomas) is characterized by a milder course of the disease, a later onset of adenomatosis, and a reduced expression of the extracolonic manifestations; the average age of colon cancer is 50 -55 years, which is about 10 -15 years later than the age found for classic disease. 2 Although diagnostic criteria are consistent with the above characteristics, attenuated polyposis is not a well-defined entity and can either mimic the typical disease or resemble sporadic adenomas and colorectal cancer.
Both classic and attenuated polyposis can be associated with germline mutations of either APC tumor suppressor gene 3, 4 or MUTYH base excision repair gene. 5, 6 Classic (FAP) and attenuated (AFAP) polyposis linked to APC gene follow a dominant mode of inheritance, whereas the MUTYH-associated disease (MAP) is recessively transmitted. The great majority of APC pathogenetic mutations are base changes leading to a truncated protein product; accordingly, the protein truncation test (PTT) is the common choice as mutation detection method. 7 PTT, as well as other polymerase chain reaction (PCR)-based methods commonly applied for exon-screening, allows mutation detection in about 70% of FAP and in only 10% of AFAP patients. These methods are per se inadequate to detect alterations such as large genomic rearrangements and gene expression defects. Very recently, by means of PTT as well as of other molecular methods, Nielsen et al. 8 identified APC alterations in 36% of AFAP families. By using a specific quantitative assay, Sieber et al. 9 demonstrated that up to 12% of FAP patients with no apparent APC germline mutation, were carriers of a gene deletion. Haploinsufficiency because of allelic deletion, 9 -11 abnormal ratio of APC isoforms, 12 and reduced or absent mRNA expression from one APC allele, 11 have been shown to be rela-tively frequent in FAP patients who had proven APC mutation-negative by conventional methods.
From 5% to 25% of APC mutation-negative cases 6, 13 can be attributed to MUTYH biallelic mutations. All reported mutations have been identified by exon-screening conventional methods that are, so far, the only ones utilized for MUTYH genetic testing. Although biallelic mutations appear more frequent in patients with a milder disease, 6,14 MUTYH inactivation can result in either classic or attenuated phenotype. 8 Very recently, Aretz et al. 15 found that MUTYH biallelic mutations were associated with attenuated or "atypical" phenotype in the great majority of polyposis patients analyzed. Biallelic mutations have also been detected in individuals with early onset colorectal cancer, without polyposis. 16, 17 Genotype-phenotype correlations appear complex in polyposis. The position of mutations along the APC gene correlates with the clinical features, but only to a limited extent. The majority of APC mutations occur in the 5Ј half of its coding region. Mutations associated with FAP appear scattered all over the gene, with different hot spots in exon 15. On the contrary, mutations located in the 5Ј and 3Ј end of the gene, as well as in the alternatively spliced exon 9, are hypomorphic and mainly result in AFAP. 2, 18, 19 MAP patients who are carriers of the same MUTYH biallelic mutations can show either the classic or the attenuated phenotype. 6, 16 On the whole, observations on FAP/AFAP and MAP patients are consistent with the idea that the combined effect of unknown modifier genes, genetic background, and environmental factors, can contribute to the phenotypic manifestations in disease-causing mutation carriers.
We searched for germline alterations in 26 unrelated patients and available relatives, of Italian and Greek origins: all patients were diagnosed with attenuated polyposis (3-100 adenomas) and had proven to be APC mutation-negative by conventional methods. We searched for both APC rearrangements and MUTYH mutations. Moreover, we deeply investigated three patients who turned out to carry a single MUTYH mutation, by searching for germline variants in other DNA repair genes. Finally, to improve screening strategy, we evaluated the population frequency of the MUTYH pathogenetic variants that seem to be recurrent in southern Europe patients. 14, 20 
PATIENTS AND METHODS

Samples
This study was performed on 26 unrelated patients, 20 of Italian and 6 of Greek origin, and on 16 patients' relatives. Greek cases are the last ones in Table 1 (patients [21] [22] [23] [24] [25] [26] . Italian patients were new cases recruited at the unit of Gastroenterology II, S. Giovanni A.S. Hospital-Torino, from 2002 to 2006; to the best of our knowledge, no proband/affected relative was included in any Italian polyposis registry. The Greek patients and their families were referred through the Gastroenterology Department of Hygeia Hospital, Athens and the Hellenic group for the study of hereditary colorectal cancer during the past 6 years. Clinical and pathologic features were obtained at diagnosis and family history was ascertained by genetic counseling. Patients included in this study were diagnosed with attenuated polyposis (Ͻ100 adenomas) on the basis of endoscopic analysis. Most definitions of attenuated polyposis only include subjects with at least 10 polyps. By also considering the age, we selected patients as follows: at least 3 polyps after the age of 30 years plus family history of polyposis and/or colorectal cancer (no family members with "classic" polyposis); at least 6 polyps before the age of 50 years or more than 6 polyps after the age of 50 years, in the absence of family history. Blood samples were obtained after informed consent. DNA and RNA were extracted from peripheral blood by standard procedures and by the QIAmp RNA Blood Mini Kit (Qiagen, Valencia, CA), respectively. All patients of this study were proven to be APC-mutation-negative by PTT and/or DNA sequencing methods. We screened for both APC rearrangements and MUTYH mutations in patients, by using multiplex ligation-dependent probe amplification (MLPA) and DNA sequencing methods, respectively.
The population screening of MUTYH pathogenetic variants was performed on a control sample including 501 Italian (205 from northern and 296 from southern Italy) and 144 Greek (from Cyclades) healthy subjects with no obvious family history of cancer. Genomic DNA extracted from peripheral blood was used for restriction enzyme digestion.
Search for APC large genomic rearrangements by MLPA MLPA 21 was carried out by using the SALSA P043 APC MLPA kit from MRC-Holland (Amsterdam, The Netherlands), according to the manufacturer's protocols. The kit includes 23 probes for each exon and for the promoter region of the APC gene, as well as 13 probes for other control target DNA sequences throughout the genome. The method is based on: (a) the hybridization of probes to specific genomic DNA sequences; (b) the amplification of the hybridized probe (one primer being fluorescently labeled); (c) the semiquantitative analysis of the PCR products. Labeled PCR products of MLPA were run on the ABI Prism 310 sequencer (Applied Biosystems, Foster City, CA) and analyzed by GenScan Analysis Software Version 3.1.2 (Applied Biosystems); peak height for each fragment was reported to an Excel spreadsheet (available at the website http://www. ngrl.org.uk/Manchester/Publications.htm#MLPA) designed to assess the ratios of each test peak relative to all other peaks for that individual and the normal controls. A dosage quotient of 1.0 is expected for normal sequences; the dosage quotient should be 0.5 in the presence of a sequence deletion. Each patient was analyzed by two independent MLPA experiments.
MUTYH gene sequencing
Exons 1-16 of MUTYH were amplified according to AlTassan et al. 5 and Jones et al. 22 ; PCR products were sequenced as previously reported. 14 Sequencing of OGG1, MTH1, APE1, MSH2, and MSH6 genes OGG1 and MTH1 exons were amplified according to Al-Tassan et al. 5 and Jones et al. 22 MSH2 and MSH6 exons were amplified according to Holinski-Feder et al. 23 and Plaschke et al., 24 respec-
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Analysis of MUTYH and MTH1 variants by restriction enzyme digestion
We screened for MUTYH pathogenetic variants in cancerfree controls by digesting with the appropriate enzyme the PCR product corresponding to the exon of interest. In particular, missense mutation Y165C (exon 7) was analyzed by BseXI, frameshift mutation 1103delC (exon 12) by BglI, G382D missense and 1187insGG frameshift mutations (exon 13) by BglII, and 1395delGGA (exon 14) in frame deletion by MnlI restriction enzymes. The frequency of the R171W (exon 7) missense variant was assessed by means of SsiI digestion. Finally, the silent substitution in exon 4 of MTH1 gene was investigated by Eam1105I enzyme. After digestion, restriction fragments were separated by electrophoresis on acrylamide gel at the appropriate concentration.
RESULTS
By MLPA approach, we investigated 26 patients who had tested APC-mutation-negative by conventional methods: 1 of 26 proved to carry an APC gene deletion. In this subject, three independent MLPA experiments demonstrated a reduction of all APC-specific peaks compared with control peaks, suggesting the presence of a deletion encompassing the entire APC locus. The whole-gene deletion carrier had a dominant family history of polyposis and showed a "milder" phenotype with 70 -100 adenomas at 38 years of age (patient 17 of Table 1 ). We analyzed the MUTYH coding sequence (16 exons and intron/exon boundaries) in the remaining 25 patients. We found four subjects with MUTYH biallelic mutations (patients 7, 10, 18, 21 of Table 1 ): all mutations, already found in other polyposis patients, were nonsense or missense mutations predicted to impair the MUTYH protein function severely. Biallelic mutation carriers showed a variable number of polyps (from 7 to about 100); three of four subjects had developed a colorectal cancer at young age (patients 7, 18, 21 of Table 1 ). We performed MUTYH mutation analysis on two children of proband (patient 7); we also analyzed 13 relatives of proband (patient 21), including 2 affected sisters and 11 nephews: the results were consistent with a recessive transmission of the disease. The affected sisters of proband (patient 21) showed his same mutations, but a milder phenotype, with 20 -30 polyps and no colorectal cancer at 54 and 57 years of age, respectively.
DNA sequencing revealed a single MUTYH mutation in three probands, two of which showing about 100 polyps and colorectal cancer at young age (patients 6, 25, 26 of Table 1 ). Patients 6 and 25 were carriers of the Y165C recurrent pathogenetic mutation, whereas patient 26 showed a novel mutation with likely functional significance (C to T at nucleotide 511; R171W). Indeed, the amino acid at position 171 is localized within the catalytic domain of MUTYH protein and it is evolutionary conserved across species (http://www.ebi.ac.uk/ clustalw/index.html). This mutation must be rare in the population because the restriction analysis we carried out on 100 healthy controls did not reveal any mutation carrier. Patients 6 and 26 had no family history. On the contrary, patient 25 had an apparently dominant history of colorectal cancer. His father and his paternal aunt died of colorectal cancer late in life, at 72 and 78 years of age, respectively; his brother developed Ͻ100 polyps and a colorectal cancer at 61 years of age. The analysis of the affected brother showed the presence of the Y165C mutated allele.
We investigated the three MUTYH heterozygous probands for the presence of germline mutations in DNA repair genes other than MUTYH, namely OGG1, MTH1, APE1, MSH2, and MSH6. The direct sequencing of the entire coding region of these genes did not reveal any alteration, with one exception. In patient 25 and in his affected brother, both carrying the Y165C pathogenetic variant, we detected a mutation of the MTH1 gene (C to T at nucleotide 366). This mutation consisted of a silent nucleotide substitution at the second-last base of exon 4 (rs35932242 in the National Center for Biotechnology Information Single Nucleotide Polymorphism [NCBI SNP] database). According to in silico analysis, this change is not predicted to affect the splicing. Restriction analysis we carried out on 100 cancer-free controls revealed three heterozygous carriers of the MTH1 mutation (frequency: 1.5%). Taken together, these observations make it extremely unlikely that polyposis could be caused by the MTH1 variant in "compound heterozygosity" with the Y165C MUTYH pathogenetic mutation.
As far as MUTYH known polymorphisms are concerned, no patient showed the V22M variant, whereas nine patients (eight heterozygotes and one homozygote; Table 1 ) proved to carry the Q324H common allele (rs3219484 and rs3219489 in the NCBI SNP database, respectively).
To possibly improve the strategy of pathogenetic mutation screening, we evaluated the frequency of the MUTYH variants that are recurrent in southern Europe patients. By means of restriction enzymatic digestion, we screened for Y165C, 1103delC, G382D, 1187insGG, and 1395delGGA variants in 645 healthy subjects including 501 Italians (205 from northern and 296 from southern Italy) and 144 Greeks (Cyclades). No variants were found in the Greek sample. The G382D mutation was found in two individuals from northern and in one individual from southern Italy. Both Y165C and 1187insGG variants were found in a single subject from northern Italy. All mutation carriers were heterozygous.
DISCUSSION
We focused our attention on attenuated FAP, a disease phenotypic variant whose genetic cause remains unknown in up to 30 -80% of cases.
To identify rearrangements such as deletions/amplifications of either a part or the entire APC locus, we applied the MLPA method to 26 patients that screened APC mutation-negative by common techniques. One subject proved to carry a wholegene deletion. Various investigations failed to detect wholegene deletions in patients with attenuated polyposis, and demonstrated that this genetic lesion may occur with a frequency higher than 10% in mutation-negative subjects with the typical disease. 9, 11, 25 However, Pilarski et al. 26 reported an attenuated polyposis case associated with the germline deletion of the entire APC gene. Su et al. 27 characterized two deletions of the entire APC exon 15: one proband had the typical phenotype, whereas the other one had a phenotype consistent with attenuated polyposis. Very recently, Nielsen et al. 28 reported two families carrying a deletion of exons 7-13 and showing an attenuated phenotype.
Our deletion carrier was a 38-year-old woman with Ͻ100 polyps and no other clinical manifestations. These observations indicate that, although rarely, APC haploinsufficiency because of allelic deletion can result in an attenuated/mild phenotype.
Sieber et al. 6 reported that about 5% of patients with attenuated polyposis had disease attributable to MUTYH, whereas among patients with more severe disease (15-100 adenomas) mutation carriers were 30%. Among PTT-negative patients with Յ100 adenomas, we found 16% (4 of 25) carriers of MUTYH biallelic mutations. However, if we only consider patients with more than 30 adenomas and no vertical transmission of the disease, the frequency of MUTYH carriers reaches
Germline defects in polyposis patients
December 2007 ⅐ Vol. 9 ⅐ No. 12 25% (3 of 12) of value. By applying these last criteria to a different series of attenuated polyposis patients, we previously found a particularly high frequency of biallelic mutation carriers (60%). 14 This difference may depend on the small number of patients included in both previous and present surveys. However, our data, as well as data from other authors, clearly indicate that, although MAP patients can show different phenotypes, germline mutations of MUTYH gene are frequently associated with a milder phenotype.
Three probands, two of which were affected with colorectal cancer, were found to be heterozygous carriers of pathogenetic mutations. To verify the occurrence of other possible pathogenetic mutations in these patients, we analyzed OGG1, MTH1, APE1, MSH6, and MSH2 genes. These genes have a role in base excision repair and/or in mismatch repair pathways and their products can interact with each other mutually. No mutations clearly affecting the protein functions could be identified. Therefore, either a different gene from those we investigated is responsible for attenuated polyposis (either per se or in association with a single MUTYH functional mutation), or a single MUTYH functional mutation, in association with modifier genes, genetic background, and/or environmental factors, can give rise to the disease. In addition, we cannot exclude that genetic alterations undetectable by sequencing, such as expression or splicing defects, may affect the MUTYH "wild-type" allele in these patients.
The presence of single MUTYH pathogenetic mutations in polyposis patients has been reported by different authors. 6, 13 Apparently, such a heterozygous status does not correlate with the severity of polyposis phenotype (see Refs. 6 and 13; present data). Sieber et al. 6 reported that APC somatic mutations in polyps from heterozygous patients were not G:C3 T:A transversions that are typically caused by MUTYH deficiency. However, at present it is not possible to exclude a mechanism that in some circumstances might allow germline partial-deficiency/ haploinsufficiency of MUTYH gene to have some role in polyposis development.
Intriguingly, heterozygous mutations have been reported to increase the risk of colorectal cancer without polyposis later in life. 17 Moreover, both biallelic and monoallelic mutation carriers are more likely to have first and/or second-degree relatives with colorectal cancer compared with noncarriers. 29 These observations, as well as those reported on colon cancer families who lack mismatch repair gene defects, 30 suggest that MUTYH heterozygous mutations represent low-penetrance colorectal cancer-causing alleles. On the other hand, recently performed meta-analyses produced conflicting results, indicating both a nonsignificant relative risk of colorectal cancer 31, 32 and a small but significantly increased risk of cancer 33 for monoallelic mutation carriers.
An apparently dominant MAP has been reported for some families. 34, 35 This finding might be explained by the frequency of heterozygotes in the general population: in a fraction of cases, a carrier of two MUTYH mutations is expected to have children with a partner who carries a single mutation. In addition, the disease might be associated with MUTYH monoallelic mutations in relation with modifier genes (see Ref. 6 ; patient 25 of Table 1 ). Therefore, MUTYH genetic testing has to be considered also for APC mutation-negative families with vertical transmission of the disease.
In our sample, cancer was present in three of four patients with MUTYH biallelic mutations, in two of three with monoallelic mutations, and only in 2 of the 18 patients without mutations. This observation seems to emphasize the high risk of malignant degeneration in MUTYH mutation carriers and raises the question of an appropriate surveillance (for a critical discussion see Ref. 35) .
To possibly improve the MUTYH screening strategy in patients from southern Europe, we assessed the frequency of some recurrent pathogenetic variants in the normal population. Y165C and G382D mutations (also predominant in northern Europe) showed subpolymorphic frequencies, whereas the other selected mutations proved to be rare. This observation and the finding that different MUTYH pathogenetic mutations have been reported in polyposis patients from southern Europe (see Refs. 14, 20, and 36; present data), make it difficult to follow a predetermined strategy. Therefore, although starting from Y165C and G382D mutations, the analysis of the entire MUTYH gene is highly recommended for genetic testing.
In addition to the phenotypic heterogeneity of both classical and attenuated polyposis, 19 the analysis of extracolonic manifestations and the number of colon adenomas depend on different factors, including the expertise and knowledge of the gastroenterologist and the quality of the endoscopy. Accordingly, Lynch and Smyrk 37 defined the disease "a diagnostic nightmare." It has been pointed out that disease severity in attenuated polyposis varies greatly but it depends on the site of APC germline mutation. 19 However, germline mutations can affect either APC or MUTYH genes. In turn, not only truncating mutations in the 5Ј, 3Ј, and exon 9 of the APC gene can give rise to the attenuated phenotype, but full/partial APC gene deletions too. Moreover, different functional biallelic mutations of MUTYH can account for a fraction of patients. Finally, MUTYH single mutations are also suspected to play a role in the disease development.
